liver; cholangiocyte; purinergic signaling; ATP release; chloride channel; anoctamin-1 CHOLESTATIC LIVER DISEASES, associated with poor bile flow, comprise a significant proportion of liver disorders in children and adults. While diverse in etiology, these disorders result in a significant decrease in ductular bile flow. It has been proposed that a decrease in bile flow may directly affect bile production through mechanical effects on the bile duct epithelium, including abnormal cilia function and abnormal Ca 2ϩ signaling (23) . However, potential direct effects of fluid flow, or shear, on membrane transport and secretion are unknown.
Intrahepatic bile duct epithelial cells, or cholangiocytes, represent an important component of the bile secretory unit. While bile formation is initiated at the hepatocyte canalicular membrane, cholangiocytes subsequently modify the volume and composition of bile through regulated ion and water secretion. Cl Ϫ channels in the apical membrane of cholangiocytes provide the driving force for ductular secretion (17, 18) , and two complementary Cl Ϫ channels have been identified on a molecular basis: CFTR, a cAMP-activated Cl Ϫ channel (16, 19) , and TMEM16A, a Ca 2ϩ -activated Cl Ϫ channel (9) . CFTR is found on the apical membrane of cholangiocytes forming the medium-and large-sized, but not small-sized, bile ducts and is regulated via binding of the hormone secretin to basolateral receptors, increases in intracellular cAMP concentration, and PKA-dependent channel phosphorylation (18) . In contrast, TMEM16A is found on the small-, medium-, and large-sized bile ducts and is activated by increases in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) (9) , although the physiological events mediating channel regulation have not been defined.
TMEM16A, a 114-kDa membrane protein with eight putative transmembrane domains, has been established as a Ca 2ϩ -activated Cl Ϫ channel in other epithelia, although its regulation is far from understood. Additionally, TMEM16A has been shown to regulate tracheal cartilage development (39) , appears to play a role in cancer progression (12) , and may contribute to the regulation of blood flow (4, 7) . The diverse clinical significance of this protein is just beginning to be appreciated. While TMEM16A is found in biliary epithelium, its regulation and overall contribution to biliary secretion and bile formation are unknown.
Mechanical fluid flow (shear) activates membrane transport in epithelial and endothelial cells (2, 31, 33, 48) . In vascular endothelial cells, shear stress has been shown to activate simultaneously an inward-rectifying K ϩ channel and an outward-rectifying Cl Ϫ channel (22) . Similarly, in kidney, flow stimulates K ϩ secretion in mammalian cortical collecting ducts (32) . Biliary epithelial cells are also exposed to plasma membrane-directed forces, including flow/shear forces at the apical membrane due to changes in bile flow. The hormone secretin, for example, increases bile flow from 0.67 to 1.54 ml/min in humans (30) , representing a potential increase in flow-induced force at the apical cholangiocyte membrane. In isolated rat bile duct segments and confluent biliary epithelial monolayers, the increase in flow results in significant increases in [Ca 2ϩ ] i (34, 48) . The molecular identification of the protein(s) contributing to mechanosensitive cholangiocyte transport has not been defined.
Our present studies, in human and mouse biliary epithelial models, demonstrate for the first time that the force of flow at the surface of the plasma membrane is a significant and physiological stimulus for TMEM16A-mediated Cl Ϫ transport through a process dependent on ATP release, binding of purinergic P2 receptors, and increases in [Ca 2ϩ ] i . We therefore propose that the mechanical force generated by flow may directly regulate cholangiocyte secretory events and bile formation.
METHODS
Cell models. Studies were performed in human and mouse models, including human intrahepatic biliary epithelial H69 cells, human Mz-ChA-1 cells, and mouse small and large cholangiocytes (MSC and MLC, respectively). The H69 cholangiocyte cell line is a SV-40-transformed human intrahepatic bile duct epithelial cell line originally derived from normal liver harvested for liver transplantation (25) . These cells retain phenotypic markers of primary human cholangiocytes, including functional membrane channels and transporters (24, 38) . Human Mz-ChA-1 cells also exhibit phenotypic features of differentiated biliary epithelium (3, 29) and have been utilized as models for biliary purinergic signaling and Ca 2ϩ -stimulated secretion (14, 15, 41, 42, 47) . Immortalized MSC and MLC demonstrate properties identical to those of freshly isolated MSC and MLC (21) . Importantly, MSC do not express secretin receptors, CFTR, or the HCO 3 Ϫ /Cl Ϫ exchanger and do not exhibit a secretory response to secretin, while MLC do (21) . Cells were maintained in culture, as described elsewhere (21, 46 Ca 2ϩ imaging. Cells were cultured for 48 h on 15-mm glass coverslips and then loaded with 2.5 g/ml fura 2-AM (TEF Labs, Austin, TX) in isotonic extracellular buffer containing (in mM) 140 NaCl, 4 KCl, 2 CaCl 2, 1 MgCl2, 1 KH2PO4, 5 glucose, and 10 HEPES (pH 7.4) supplemented with 0.01% Pluronic F-127 for 30 min at 22°C. In selected studies, EGTA (2 mM) was used to remove Ca 2ϩ from the bath and perfusing solutions. The coverslip was placed in the perfusion chamber on the stage of an inverted fluorescence microscope (Nikon TE2000), and the inflow and outflow ports were attached to 
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pA Fig. 1 . Characterization of flow-stimulated currents in human biliary epithelial cells. Whole cell currents were measured during basal conditions and during exposure to flow of isotonic extracellular buffer. A and B: representative whole cell recordings of an Mz-ChA-1 cell and an H69 cell. Currents were measured at Ϫ80 mV (OE), representing Cl Ϫ current, and at 0 mV (), representing K ϩ current. Flow exposure (shear ϭ 0. 24 dyn/cm 2 ) is indicated by horizontal bar. Currents were activated within 2 min of the onset of flow and were partially reversible when flow was stopped. A voltage-step protocol (inset in A), from a holding potential of Ϫ40 mV with 100-ms steps from ϩ100 to Ϫ100 mV in 20-mV increments, was obtained at ଝa and ଝb, representing basal and maximal inward currents, respectively. Currents demonstrated time-dependent activation at membrane potentials Ͼ60 mV. Zero-current level is indicated by dotted lines. Current-voltage (I-V) plot was generated from these protocols during basal () and flow-stimulated (OE) conditions. C: representative whole cell current recordings Measurement of flow-stimulated currents. Membrane currents were measured using whole cell patch-clamp techniques. Cells on a coverslip were mounted in the chamber, and whole cell currents were measured during basal and perfused conditions with a standard extracellular solution containing (in mM) 140 NaCl, 4 KCl, 1 CaCl 2, 2 MgCl2, 1 KH2PO4, 10 glucose, and 10 HEPES/NaOH (pH ϳ7.40). The standard intracellular (pipette) solution for whole cell recordings contained (in mM) 130 KCl, 10 NaCl, 2 MgCl2, 10 HEPES/KOH, 0.5 CaCl2, and 1 EGTA (pH 7.3), corresponding to a free Ca 2ϩ concentration of ϳ100 nM (6, 13) . Patch pipettes, which were pulled from Corning 7052 glass, had a resistance of 3-10 M⍀. Recordings were made with an Axopatch ID amplifier (Axon Instruments, Foster City, CA), digitized (2 kHz), and analyzed using pCLAMP version 10 (Axon Instruments, Burlingame, CA), as previously described (13, 20) . Two voltage protocols were utilized: 1) holding potential of Ϫ40 mV with 200-ms steps to 0 and Ϫ80 mV at 10-s intervals and 2) holding potential of Ϫ40 mV with 400-ms steps from Ϫ100 to ϩ100 mV in 20-mV increments. Current-voltage relations were generated from the "step" protocol. Pipette voltages are referred to the bath. Results are compared with control studies measured on the same day to minimize effects of day-to-day variability. While mean cell capacitance was 18.4 Ϯ 0.7 pF (n ϭ 101), results are reported as current density (pA/pF) to normalize for differences in cell size (13) .
TMEM16A and CFTR silencing. TMEM16A was suppressed by specific anti-TMEM16A small interfering RNA (siRNA; TMEM16A-HSS123904), as described in our previous studies (9) . Briefly, 25-nucleotide siRNAs were designed and synthesized by Invitrogen [AAG UUA GUG AGG UAG GCU GGG AAC C (antisense) and GGU UCC CAG CCU ACC UCA CUA ACU U (sense)] and transfected using FuGENE (5 g/100 l). Noncoding Stealth RNAi (medium guanine-cytosine duplex, Invitrogen) was utilized in control (mock) transfections. Similarly, CFTR was suppressed by specific anti-CFTR siRNA (catalog no. 4392421, Life Technologies). BLOCK-iT Fluorescent Oligo (catalog no. 2013, Invitrogen) was used to optimize transfection conditions and to select transfected cells for whole cell patch-clamp recording. Whole cell patch-clamp experiments were performed 24 -48 h after transfection. Transfection efficiency and the degree of TMEM16A and CFTR silencing were measured at the message level by real-time PCR and at the protein level by Western blot analysis (9) .
Reagents. The CFTR inhibitors CFTR(inh)-172 and malic hydrazide (MalH) were kind gifts from Drs. Nitin Sonawane and Alan Verkman (University of California, San Francisco, CA). Anti-CFTR (clone M3A7) monoclonal antibody (catalog no. 05-583) was purchased from Millipore. All other reagents were obtained from SigmaAldrich (St. Louis, MO).
Statistics. Values are means Ϯ SE, with n representing the number of culture plates or repetitions for each assay. Statistical analysis included Fisher's paired and unpaired t-test and ANOVA for multiple comparisons to assess statistical significance. P Ͻ 0.05 was considered to be statistically significant.
RESULTS

Flow (shear) activates membrane Cl
Ϫ currents. To characterize the biophysical and pharmacological properties of membrane Cl Ϫ currents in response to shear, whole cell patchclamp studies were performed in single Mz-ChA-1 and H69 cells and MSC and MLC in the presence or absence of defined shear. Representative traces of a Mz-ChA-1 cell and a H669 cell are shown in Fig. 1 . Under basal conditions with standard intra-and extracellular buffers, Cl Ϫ current was small (Ϫ1.9 Ϯ 0.5 pA/pF). Exposure to flow (shear ϭ 0.24 dyn/cm 2 ) resulted in activation of currents within 95 Ϯ 17 s, increasing current density to Ϫ18.0 Ϯ 4.0 pA/pF at Ϫ80 mV (P Ͻ 0.001, n ϭ 13 for Mz-ChA-1 cells; P Ͻ 0.05, n ϭ 4 for H69 cells). The currents were sustained for the duration of flow exposure and were fully reversible within 5 min of flow cessation. Interestingly, currents demonstrated two distinct patterns. In the majority (ϳ85%) of studies, the currents exhibited reversal near 0 mV [Cl Ϫ reversal (equilibrium) potential], outward rectification, and time-dependent activation at depolarizing potentials above ϩ60 mV ( Fig. 1 ), characteristics associated with Ca 2ϩ -activated Cl Ϫ currents previously described in these cells (9, 16) . However, in a minority (ϳ15%) of studies, currents demonstrated time-dependent inactivation at positive depolarizing potentials above ϩ60 mV (Fig. 2) . In some studies, currents with both types of biophysical properties were observed in the same cell (5 of 35). Inclusion of MgATP 2Ϫ in the patch pipette increased (from 15% to 38%) the relative percentage of the currents displaying time-dependent inactivation. Therefore, to minimize the currents demonstrating time-dependent inactivation, the majority of studies were performed without additional MgATP Ϫ2 in the pipette. MSC and MLC also demonstrated flow-stimulated Cl Ϫ currents with biophysical properties similar to those of the human biliary cells (Fig. 3) . In a number of studies the flow-stimulated Cl Ϫ currents were preceded by small K ϩ currents, which Fig. 1A legend (test potentials between Ϫ100 and ϩ100 mV in 20-mV increments) was obtained at ଝa (basal) and ଝb (maximal current response). Currents demonstrate time-dependent inactivation at membrane potentials Ͼ60 mV. Zero-current levels are indicated by dotted lines. I-V plot was generated from these protocols during basal () and flow-stimulated (OE) conditions. occurred early and were transient. The biophysical properties of these K ϩ currents were consistent with the small-or intermediate-conductance Ca 2ϩ -activated K ϩ channels previously described in biliary cells (10, 14) .
Flow-stimulated Cl Ϫ currents are independent of CFTR. To determine if CFTR contributes to the flow-stimulated Cl is indicated by horizontal bar. Currents were activated within 2 min of the onset of flow. A voltage-step protocol (test potentials between Ϫ100 and ϩ100 mV in 20-mV increments) was obtained at ଝa (basal) and ଝb (maximal current response). Currents demonstrate time-dependent activation at membrane potentials Ͼ60 mV. Zero-current levels are indicated by dotted lines. I-V plot was generated from these protocols during basal () and flow-stimulated (OE) conditions. B: cumulative data demonstrating maximum current density in response to addition of the CFTR-activating cocktail (chlorophenylthio-cAMP, forskolin, and IBMX) or exposure to flow (shear ϭ 0.18 dyn/cm 2 ) in MLC and MSC. Flow-stimulated currents were recorded in the presence or absence of niflumic acid (100 M) or CFTR(inh)-172 (5 M). Values represent maximum current density measured at Ϫ80 mV (n ϭ 4 -11 each). *CFTR-activating cocktail significantly increased currents from basal in MLC (P Ͻ 0.05). **Flowstimulated currents were significantly inhibited by niflumic acid in MLC (P Ͻ 0.05). ns, Not significant. 2 ) is indicated by horizontal bar. Currents were measured at Ϫ80 mV (OE) and 0 mV (). Voltage-step protocols were obtained at ଝa (basal) and ଝb (maximal current response). Currents demonstrate time-dependent activation at membrane potentials Ͼ60 mV. I-V plots were generated from the step protocols during basal () and flow-stimulated (OE) conditions. C: cumulative data demonstrating maximal current density measured at Ϫ80 mV in response to flow in cells transfected with nontargeting siRNA (mock) or cells transfected with anti-CFTR siRNA. Values are means Ϯ SE; n ϭ 4 -5. P ϭ not significant.
were inhibited by the nonspecific Cl Ϫ channel blocker 5-nitro-2-(3-phenylpropylamino)benzoic acid and by the Ca 2ϩ -activated Cl Ϫ channel blockers niflumic acid and DIDS (Fig. 1 , C and D) but were unaffected by pharmacological inhibitors of CFTR, including CFTR(inh)-172 and MalH (Fig. 1, C and D) .
2)
Comparison studies were performed in mouse cholangiocytes with and without CFTR expression. MSC (ϳ8 m), isolated from the epithelium forming the small intrahepatic bile ducts, do not express CFTR (46) , while MLC (ϳ14 m), isolated from the epithelium forming the large bile ducts, do. In MSC, exposure to a CFTR-activating cocktail (10 M forskolin, 100 M IBMX, and 500 M chlorophenylthio-cAMP) did not increase Cl Ϫ currents from the basal level, consistent with the absence of CFTR channel protein (Fig. 3B) . However, exposure to flow (shear ϭ 0.12 dyn/cm 2 ) significantly increased current density (Fig. 3A) . In comparison, addition of the CFTR-activating cocktail to MLC increased Cl Ϫ current density (from Ϫ2.7 Ϯ 0.9 to Ϫ8.7 Ϯ 2.1 pA/pF), consistent with functional CFTR expression. Interestingly, subsequent exposure to flow (shear ϭ 0.12 dyn/cm 2 ) in the same cell further increased the magnitude of Cl Ϫ currents (Ϫ29.2 Ϯ 12.6 pA/pF). The CFTR inhibitor CFTR(inh)-172 completely inhibited the currents in response to the CFTR cocktail but had no effect on the flow-stimulated currents (Fig. 3, A and B) . The biophysical properties of the flow-stimulated currents in both cell types were identical to those of the Ca 2ϩ -activated and ATP-stimulated Cl Ϫ currents previously reported in these cells (9), with time-dependent activation, outward rectification, and reversal at ϳ0 mV. While CFTR(inh)-172 had no effect, the Ca 2ϩ -activated Cl Ϫ channel blocker niflumic acid significantly inhibited flow-stimulated Cl Ϫ currents in the MLC (Fig. 3B) . Thus, flow exposure resulted in activation of Cl Ϫ currents in mouse cholangiocytes lacking CFTR expression (MSC) and in the presence of pharmacological inhibitors of CFTR in CFTRexpressing cholangiocytes (MLC). 3) Studies were performed in human Mz-ChA-1 cells with and without CFTR silencing. Transfection of cells with CFTR siRNA significantly decreased expression of CFTR protein by 54 Ϯ 6%; however, no significant differences in the magnitude of Cl Ϫ currents in response to flow (shear ϭ 0.18 dyn/cm 2 ) were observed compared with cells transfected with nontargeting siRNA (Fig. 4) . Together, these findings provide evidence that CFTR contributes negligibly to flow-stimulated Cl Ϫ currents and suggest the existence of alternate (non-CFTR) channels, which contribute to flowstimulated Cl Ϫ transport. Flow-stimulated currents are dependent on [Ca 2ϩ ] i . It has previously been shown that fluid flow (shear) increases [Ca 2ϩ ] i in rat bile duct epithelial cells (34, 48) , isolated duct segments (34) , and single Mz-ChA-1 cells (48) . To confirm that shear increases [Ca 2ϩ ] i in mouse cholangiocytes, studies were performed in MSC and MLC. In both cell types, exposure to flow resulted in an increase in [Ca 2ϩ ] i (Fig. 5) significantly decreased shear-stimulated Cl Ϫ currents (Fig. 5, C  and D) , suggesting that the operative channels are primarily dependent on intracellular Ca 2ϩ stores for activation.
Functional expression of TMEM16A in human intrahepatic cholangiocytes.
We previously demonstrated that biliary epithelial cells (including human, rat, and mouse) express the Ca 2ϩ -activated Cl Ϫ channel TMEM16A (9) . We performed additional studies to determine if H69 human intrahepatic cholangiocytes also express functional TMEM16A channel proteins. 1) Expression of TMEM16A was confirmed by Western blotting (Fig. 6A) . 2) Whole cell currents were measured in response to increasing [Ca 2ϩ ] i . As shown in Fig. 6B , addition of 1 M free Ca 2ϩ in the patch pipette increased Cl Ϫ currents from Ϫ0.9 Ϯ 0.3 to Ϫ39.5 Ϯ 29.2 pA/pF (P Ͻ 0.01, n ϭ 5). Ca 2ϩ -activated currents exhibited time-dependent activation at membrane potentials above ϩ60 mV, outward rectification, Ϫ current, and 0 mV (), representing K ϩ current. Voltage-step protocols were obtained at ଝa (initial) and ଝb (maximal current response). Currents demonstrate time-dependent activation at membrane potentials Ͼ60 mV. I-V plots were generated from step protocols during basal () and Ca 2ϩ -stimulated (OE) conditions. C: cumulative data demonstrating maximal current density in H69 cells measured at Ϫ80 mV in response to [ 2 ) compared with cells transfected with nontargeting siRNA (Fig. 7) . Together, these studies demonstrate that TMEM16A contributes to flow-stimulated Cl Ϫ currents in human biliary cells. While TMEM16A siRNA significantly inhibited flow-stimulated currents with biophysical properties consistent with the Ca 2ϩ -activated Cl Ϫ channel, in 14% of cells, currents with time-dependent inactivation (as shown in Fig. 2 ) were still observed (data not shown). The transient flow-activated K ϩ currents observed in some trials were not significantly affected by TMEM16A silencing (data not shown). Together, these studies demonstrate that TMEM16A contributes to flow-stimulated Cl Ϫ currents in human biliary cells.
Flow-stimulated Cl Ϫ currents are dependent on shear rate, but not viscosity. As shown in Fig. 8 , exposure to a very low shear (Ͻ0.01 dyn/cm 2 ) did not activate currents in most of the whole cell current recordings. Currents were not observed until a shear of 0.02 dyn/cm 2 was applied (Fig. 8) . Whole cell Cl Ϫ currents (measured at Ϫ80 mV) reached maximal values at a shear rate of 0.12 dyn/cm 2 . Higher flow rates did not result in a further increase in the magnitude of currents. The calculated shear rate at half-maximal current (k ½max ) was 0.05 dyn/cm 2 ( Fig. 8B) . As shear is determined not only by flow rate, but also by viscosity, the effects of increasing viscosity on the magni- tude of currents were determined. These studies were designed to determine if the activation of Cl Ϫ channels by flow was due to a direct mechanical effect on the channel or an indirect effect of flow on the delivery of a soluble factor to the apical membrane. Increasing viscosity by inclusion of 5% dextran to the buffer solution (increasing viscosity from 0.95 to 2.8 cP) did not increase the magnitude of currents at a low (0.5 ml/min) or a high (2 ml/min) flow rate (Fig. 8C) . Thus the currents are dependent on the flow rate, but not viscosity. This is consistent with the delivery of a soluble substance in the perfusate to the site of channel activation.
Flow-stimulated Cl Ϫ currents are mediated by extracellular ATP. We previously showed that flow-stimulated increases in [Ca 2ϩ ] i are mediated in part by release of ATP, binding of ATP to P2Y receptors, and release of Ca 2ϩ from intracellular stores (48) . To determine if flow-stimulated TMEM16A currents are dependent on activation of membrane P2Y receptors, studies were performed in the presence or absence of P2Y receptor antagonists. In the presence of the nonspecific P2 receptor inhibitor suramin or the structurally unrelated P2Y inhibitor reactive blue 2, flow-stimulated increases in [Ca 2ϩ ] i and Cl Ϫ currents were inhibited (Fig. 9) . Similarly, in the presence of apyrase in the bath and perfusate to hydrolyze ATP, flowstimulated increases in [Ca 2ϩ ] i and Cl Ϫ currents were inhibited. Together, these studies demonstrate that the TMEM16A-mediated Cl Ϫ currents stimulated by flow are dependent on extracellular ATP and P2Y receptor stimulation.
Flow-stimulated Cl Ϫ currents are regulated by PKC␣. PKC has been shown to be involved in signal transduction in response to mechanical stimuli in epithelial and endothelial cells (9, 27, 40, 48) . Swelling in Mz-ChA-1 cells results in rapid translocation of PKC␣ to the plasma membrane, and inhibition of PKC␣ blocks volume-stimulated ATP release and volume-stimulated Cl Ϫ currents (40) . In contrast, flow-stimulated ATP release is regulated by PKC (45) . Thus, distinct PKC isoforms appear to be involved in transducing different mechanosensitive stimuli to intracellular signals involved in purinergic signaling. To evaluate a potential role of these PKC isoforms in flow-stimulated Cl Ϫ channel regulation, studies were performed in the presence or absence of specific antagonists. 1) Whole cell patch-clamp studies were performed utilizing intracellular dialysis to deliver a specific inhibitor of PKC, PKC pseudosubstrate (45), directly to the cell interior. Intracellular dialysis with the PKC pseudosubstrate or a scrambled PKC peptide as control did not affect the flowstimulated Cl Ϫ currents (Fig. 10) . 2) Flow-stimulated currents were measured in the presence or absence of the PKC␣ inhibitor Gö 6976 (10 M). In contrast to PKC inhibition, inhibition of PKC␣ completely and reversibly inhibited flowstimulated Cl Ϫ currents (Fig. 10) . Thus, while flow-stimulated ATP release is, in part, dependent on PKC (48), flow-stimulated Cl Ϫ channels are regulated by the conventional isoform PKC␣.
DISCUSSION
The present studies provide evidence that fluid flow is a stimulus for TMEM16A activation and that TMEM16A represents the downstream effector pathway mediating purinergic (P2) receptor-mediated secretion. Evidence for this includes the following. 1) Fluid flow activates Cl Ϫ currents with outward rectification, time-dependent activation at depolarizing potentials above ϩ60 mV, and a reversal potential near 0 mV, biophysical properties consistent with TMEM16A (5, 43, 49) . ] i prevents current activation. 5) Flow-stimulated currents exhibit biophysical properties similar to those activated by extracellular ATP (9) and removal of ATP, or blockade of P2 receptors abolishes flow-stimulated currents. 6) CFTR siRNA has no effect on the flow-stimulated currents, while TMEM16A 
where y is the current density, x is shear, Vmax is maximum current density at Ϫ80 mV, K is half-maximum shear, and n is the Hill coefficient. C: cumulative data demonstrating normalized Cl Ϫ currents relative to basal values in response to low flow (0.5 ml/min) and high flow (2 ml/min) with and without 5% dextran (n ϭ 5-10). Addition of dextran did not increase magnitude of flow-stimulated currents (P ϭ not significant).
siRNA significantly inhibits the flow-stimulated currents. Together, the findings are consistent with TMEM16A as the operative Cl Ϫ channel responsible for the flow-stimulated membrane currents through a pathway involving ATP release, binding P2 receptors, and increases in [Ca 2ϩ ] i . Thus, TMEM16A plays a critical role in mechanosensitive signaling and is, thereby, an important regulator of biliary epithelial secretion and bile formation. In light of recent studies demonstrating that the mechanical effects of fluid flow, or shear stress, at the apical membrane of biliary epithelial cells are a robust stimulus for ATP release (48), a model emerges in which mechanosensitive ATP release and Cl Ϫ secretion represent a dominant pathway regulating biliary secretion.
While CFTR has recently been shown to be mechanosensitive in other model systems (50) , there is no evidence in the present studies that CFTR contributes to the flow-stimulated response. 1) The biophysical properties of the flow-stimulated Cl Ϫ currents are distinct from CFTR, which generally exhibits a linear current-voltage relation and no time dependence (28) .
2) Pharmacological inhibition, or molecular silencing, of CFTR affected neither the activation nor the magnitude of flow-stimulated currents. 3) MSC, which do not express CFTR, still exhibited flow-stimulated currents. While previous studies have highlighted the importance of CFTR in driving ductular secretion, recent evidence suggests that Cl Ϫ secretion mediated by extracellular ATP is functionally of greater significance. In response to ATP, the unitary currents from single cells and the short-circuit current response from intact biliary epithelial monolayers are severalfold greater than those mediated by increases in cAMP (11) . Additionally, even cAMP-mediated secretion requires extracellular ATP (37) . Our present findings provide further evidence that Cl Ϫ secretion mediated by non-CFTR pathways is functionally important and, in fact, may be the predominant pathway mediating ductular bile formation.
The magnitude of flow-stimulated currents increased with increasing shear rate, with a calculated k ½max of 0.05 dyn/cm 2 and a steep activation curve. We did not observe an increase in the magnitude of flow-stimulated currents when shear force was increased by increasing the viscosity of the perfusate by the addition of dextran. Thus the currents are dependent on shear rate, but not viscosity. This is consistent with the delivery of a soluble substance (ATP) in the perfusate to the site of channel activation (membrane P2 receptor). Thus the currents appear to be dependent on the rate-driven delivery of ATP to the membrane (shear rate), and not on direct mechanical stimulation (shear stress) on the channel itself. In the absence of ATP (apyrase in the perfusate), flow-stimulated currents were significantly reduced. Furthermore, there is no evidence that TMEM16A is itself a mechanosensitive channel, and while TMEM16A is activated by membrane distension due to cell swelling in other models (1) , this may occur via swellingstimulated ATP release and autocrine stimulation of membrane P2 receptors (41) . If these studies, performed in human and mouse biliary epithelial cells, translate to in vivo conditions, several points, as well as uncertainties, deserve to be highlighted.
First, the actual flow rates and shear force along the intrahepatic bile ducts are unknown. The flow rates used in this study were based on observations, as well as calculations, derived from previous studies of cell and animal models. Flow-stimulated ATP release from human and rat biliary cells occurs at a shear rate of 0.16 dyn/cm 2 (27, 48) , similar to the shear rates used in these studies. Masyuk et al. (36) utilized three-dimensional imaging of the rat intrahepatic biliary tree to evaluate bile duct size and then used mathematical calculations to estimate the flow rates in the ducts. On the basis of these calculations, the estimated flow rate was 11.1 nl/min in small (50 m) bile ducts and 1,064 nl/min in larger (225 m) ducts, corresponding to a shear force of ϳ0.14 dyn/cm 2 . These calculations utilized a constant value for viscosity and, hence, presumed a wall shear stress that is constant throughout the system. While our present studies utilized shear forces within this calculated range, direct evaluation of flow rates and shear force in the small intrahepatic bile ducts requires technical advances. Second, while the majority of flow-stimulated Cl Ϫ currents demonstrated outward rectification and time-dependent activation at depolarizing potentials above ϩ60 mV, in ϳ15% of cells the flow-stimulated Cl Ϫ currents demonstrated slightly different biophysical properties (time-dependent inactivation) that were unaffected by TMEM16A silencing. Thus a distinct Cl Ϫ channel, of unknown molecular identity, appears also to contribute to the flow-stimulated currents. These biophysical properties are consistent with the swelling-activated Cl Ϫ currents previously described in biliary epithelial cells (42) . In other cell types, currents with these biophysical properties have been attributed to Cl Ϫ channel protein 3 (ClC-3) (26); however, ClC-3 has not been definitively identified in biliary epithelium. The possibility that other TMEM16 isoforms (f, j, and k), previously identified in biliary epithelium (9) , form novel Cl Ϫ -permeable heteromultimers with distinct biophysical properties cannot be excluded.
Third, in the majority of studies, flow-activated Cl Ϫ currents were preceded by activation of K ϩ currents. When they were observed, the K ϩ currents activated rapidly in response to flow and were transient. In secretory epithelium, it is believed that activation of K ϩ channels leads to membrane hyperpolarization to maintain the electrical driving force for continued Cl Ϫ efflux (8). While we previously identified the Ca 2ϩ -activated K ϩ channels SK2 and IK1 in biliary epithelium (10, 14) , the molecular identification of the flow-stimulated K ϩ channels is unknown. Fourth, the mechanism by which biliary epithelium senses flow and initiates the mechanosensory signaling cascade is unknown. Cholangiocytes express a primary cilium, a mechanosensory organelle that translates flow to increases in [Ca 2ϩ ] i and may play a role in mechanosensitive ATP release (48) . However, Mz-ChA-1 cells do not express a primary cilium, despite exhibiting robust flow-stimulated ATP release, [Ca 2ϩ ] i increases, and Cl Ϫ secretion, suggesting the existence of other mechanosensors in these cells. Furthermore, removal of the primary cilium from rat cholangiocytes (chloral hydrate) decreases, but does not eliminate, mechanosensitive ATP release (48) . In other epithelia, mechanical stimulation may be transduced through microvilli, the cytoskeleton, or other membrane proteins. The identification of the mechanosensors in cholangiocytes will be an important area for future investigation of mechanosensitive signaling in the liver.
Lastly, abnormalities in mechanosensitive signaling along the bile duct may have important implications during cholestatic liver disease. A decrease in bile flow associated with cholestasis would inhibit mechanosensitive ATP release, Ca 2ϩ signaling, and Cl Ϫ secretion, thus decreasing ductular secretion and affecting the volume and composition of bile. Conversely, targeting the elements of the mechanosensitive signaling pathway, including ATP release, P2 receptors, and/or TMEM16A, may provide new and innovative strategies to increase ductular bile formation for the treatment of cholestatic liver diseases.
